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...... t.. J., I. 7’I G

X,’ACHI.’~’IES Af4[) f’4?~Cii[ ;’~’.-’.-ZTOOLS

J ,.~lllt~. S B.

L<.,.I, e:[i~c. Livormol’e [lati 3..",2ilI_a)o, .... ahory

[ N]Rr).;’J/] I[ ON

!_!.I;L has d-~;e]ope,i a sirnp]c~, reel;lied for t:~s;;iF~.. 3 coordim-tl:e meas,.leir;g

macliines and m~chirle tools. It is called ~"~. ~ ;.lagnetlc IJall OaF (i,I,B.8.).

rh ~..., ,,,,..;~ i:,..~o ,.,..-:..-sio:l ;. [.i!e i: lr.’.;i. ’.,’..:to ion !.: ~.~: led ,~ii.’.!~ F ix:’....l [’,!.~O,i.:.,.i:i~ [}tll :

Bar (F.H.8.B.) (Figure ]). The fixecl versioP, is usecl to test the accuracy 

rnaritia]iy actuated, low friction coorr.linate m-’.-.’asuring machines as well as

compuher conhro]]ed point to point measuring s~achines. The second version is

ca]led t~l~£ Telescoping Magnetic Bail Bar (r.’.!.B.t{.) (Figure 2, 3). The

telescoping ve~siorl is [iso.’J to test the acctiracy oF numerlca]]y controlled

lal;has, mi]]irlg machines, roberts and serve .drlven contouring measuring

machines. Both versions are based on the remarkable, 2 micPoinch, rof.ationa]

accuracy that c.;::, be achi~v?..d with a high quality chrome steel ba]l pulled

into a tr1-hedra] socket wi~.h a peralanent magnet. The magnetic socket was

¯ Firsh developed at. A.!,/.R.E A]dermaston in 1959 by Frank Roberts anti his

co]leagues. It has been in use at LLNI_ since 1960 for a variei;y of gaglng

app]ic:at ions.

Sy:;l;oin accueacy oF the i’<l.B.l{, ranges from .5 to 50 microinches depending on

the size. and if used for 2 axis or 3 axis. Size range is 4 inches to 48

inch.’.::; and larger. The device can be hand c~rried. Cost is api3roxlmate]y

$2,000.00 For the fixecl version and $4,000.30 for the l;e]escopirlg version whe:"

macle in snial] q.,jantities. A tos£ can be carrle:.l out in a time perio.’.l of less

th:.ln one hour.



~.e.’s~:. !\ m,~chine could sh.:.,’..~ zr_,ro era’of on ~n(. [’,I.[~.B. ~ ..... ..--.’ n::! i;ill i~e

¯ ,~ ..... ivc:,.. As a rnini~nu.~., ~..:r;.-.ic:.~lariy for accept.z...nce t~..s~.’,:~,:l, t.n,;; [’,l.B.B. ~usl~

es~abl ish ~.he displacerne~ .::c,.:ur~;cy of l;he slide.s. Depending ;)n

p~trticul~tt" ~nac,hine desi.3n, o~ner tests such as straightness, squareness ai~,’.l

, .I..._J I .... ~’I,i~,B, provides a ~,l..~.,s o~ qaickly

its lo,..~ initial cos~, s ~,,,~ icity of se.[~-up, high accuracy, and self checking

features it is a very cost effective me~hod for routine "cesl:in? of ~achines

during I;i~eir life. I~ ;,;ou]d ~e feasible, for exa:;~ple, to es:a~~lish a progra~il

to t~sl, every machine tool and every measuring rnachine in a siq,.-,’.p every fe,,,~

i,IEA SUR [ ~,., RAC H I NF S

Background, Advanl:ages of the F ;,I,,_,.B.

The ide~t of: testing coo~’dir.~.~e ~neasuring n~achines wiCn ball b~rs ’is no~

new. The ~lat;ional Physical L,]boral:ory in Tedding~.on, The !’lational Engineering

Labor~ttory i[I Easl; Kilbrid._~, ~i~e Cranfield Unit for Precision Fngineering and

the L. K. Tool Co. have all ’.,,;orked ’.,,rith [)all bars for a nu~,ber of years.

A si~nple b~ll bar consis~s of a bar connecting t,,,~o~o,]~’,.-~re<.., Tl~e bar is

clan;ped r.o the n~achine l;able at son~.e -angle I:o .~h~; axis of ~l~ rnachine. The

machine is asked to ~easure ~he distance between the centers of t.he sphe’res.

The bar is [~hen unclan~ped, rotated to another angle, reclarnped, and ~.he

disi:ance measured again. Differences in the measured leqg:sh are rega’rded as

machine error.

The [.I.B.B. does not: requi ra cl arnpi ng and uncl arnping and i s [:here ~ore n]uch

fasf.er. fhis additional speed allo’4s the n~easuren~enl; of :~.~,3re points in
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wcv;’k ,:~,~e.... Tom Charlton, of ti~..’. ~ :ia!:ie.nal B~ir,_~..,,",~’, of S~a" ....~dards in , ..,.~.~inq~on,, .

[.).~:. ~ds taken daLa on a coordiiu.~ t~ ’;easur ill(] il~Ch[lle on-the- Fly ..~i ~,, t> e

F ~.I.~..~. by giving ~le iT1achine ~ 9t, s~l a~id aski~g ,.he computer to"

~ix..~... ~;"’~" intervals, ll~u~dreds o~ d:~;~; poini;s ,,,e~e l;aken in a re..; :a~~:Jtes."

~,~n o~: ~he maqnets and s~i;rness of ~he bar are quite

provide ~he force necussary ~o ~..,:L:e ~."e ~i~aclli~l~) 0~ a ciYcul~Y pa;:~, see

Figure 4.

.... " " ....... " .... are ~ ~’’,, ~th ......".:~ ~-;~.[~. adva:l~;’’~.~.~:,.. is ~ha~. ~l~. ’ .:.~.., ~:~=-..l~.~ ~,~, ~’~ ~’(~.~

p~nt which allows belier u~;derstandinq abot~t the possible sources

Don Lane and Vince Mangano of L’_~iL recently used ~he F.M.B.B, to specify

and perform factory acceptance tests on a new coordinate measurin.~ machine.

The s.,-~ifical;ion called for 700 microinches total error on a 13 inch bar.

The initial tes~ showed 1,440 microinches error, the majority of ,.~nich

occurred in a half inch portion of +~~n._ work zone. ~he problem wa~ quickly

traced to a bad ~,loire scale on the X-axis. The scale was replaced and the

..... ~Jc~=d to 660 microinches. ~ne original scale had previous y passed a

laser in~:erferometer ~est at one inch incren~ents. A simple ball bar migh~

have d~=c~ed this prot)lem, but coald no~ have led to ~he in~uiti,.e

diagnostics ~hat were possible wit~ a fixed reference point.

Anot,er advantage of the F,rl.m.3. is that it tests machine geo.,~:~y

’ ~ ~"independently of the sensor used to detect the workpiece. De~.C,.lng ~"

cen[er of balls on a simple ball~¢,,~,- is no~ a simple matter. The sty]:~s size

and sphericity and the sensor mechanism all contribute error. Se":~e people

argue, however, tha~ ~ne complete system should be t.estecl and no~ j~s~ a part

of i~. This argument definitely ~as some merit, The I,I.B,B. ca,1 /or~una~ely

be used in an optional mode to inclu ~ theu,. sensor error by using only one
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..’,
rn,~G~et ;..,’h i cl~ is st~tion..-n’y ~,,nfi s,G.~port:;:~,g ti~e fr-L..-, end of the bar

sui~pl,.:m,.~:/t~r~ br~ckuk tqaL 1,.-~;.~ve8 ti~e ball exp.:~-.~e.., for sensin~.i by trig,..jer

this mode of ,..,pc’rat.ion (si,~yle magnet) i!; a necessity for some types

of compuB,.~.r controli(::: poin~-to-poini: measuring .!:::hines

disengageable drives ~h.~i. permi~ the dou~,~le mag:,et mode Be be used and do nob

haw: the corrBin~lous p.~,t.q conto~irin.G capabili~y t’~,t permit ~he Telescoping

i,I.B.B, to be.used. File single magneB mode is si~,,.~, bu~ it is still twice as

i:ELS’~ .L~.S <! 5 l.ilp’lu b.’t] ] b~.~:" <t:’i(l i’l~.~S {;lie ~C.IV:ull;~’,g:] ".’.5 ~ COiilI[iOfl rei:ere~i(:e 7~.oi:I~;.

Tom Charlton has recently developed a techni.~ue, Figures 5 and

supf)ort ~he free end of the bar in a variety of locations in tile work zone,

It consists of a scro;,~ed i0o~ther, adjustable len~.h altiminuiTi post which ilaS

two balls and a magnat at, tha top of the post to s,.l~port ti~e bar. rhe post

cal~ be varied in height and movad arotlnd the ta;~]e to provide hemi-spi~erical

coverage.

OP:-RAT [fig PROCFDU~S

rJouol.q bl<-l~llel; Version for Manual Machines

Operating procadure~ can he rathe~ l)oring, o’.,~ they do a job of

commu~licai;ion that, is hard Lo du~lical~e. Yhese procedtiros are incltlded i;o

assist, the reader in a process of critical evalcs~:ion of the M,B.B. A typical

operatiilg procedure La.’<acl from a recenl: LI_NL speoifical;ion for a ~6" x 16" x

13" manual machine is reprodi.icod as follows:

so,..~eL to the table. Install ti~e free socket. in"Clamp ~lle fixed magnetic -~" ¯

the probe tlolder Lising the tapered adapter, Ins;~<ll one hall of the O-iilch

ball bar in the fixed socket, Release the X, Y, Z slide locks and move the

free socko~, to engage the ball tt~a~ is in ~he fi:<ed socket (Figures 7, 8),

Rol;a~e l;he ball bar while watching the readotltS to verify i;hat there is no

dirt under the socket seats, Zero the roadou~.s. Carefully disen.cja.eje l;ile free
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s~,..,.~!L l;r[l;~l l:lle fixed I).~II, mow~. n,~t;,,,rd to i:he f~,.,~,_~, i).~ll, and (:.~refully

~r~.:~:~..;.~ the free ball (Fi~lure 6). Ac~jusl: t:he co~:r~l:erweig~, on t~~e Z a~i~; 

<,~t s,.~)ort th,-, weig~L oi: the ball bar. Rec~.)r’d th,~ X, Y, Z readings

~,,:~ .~~.(~ ~ ..,, ,..,O~t. ~10 #L ’ ’~’"" ¯ ’ V 7...... n.m,,~..~ of oLh~r l)()s i~.io~is and rc~c,]rd t~l(~ X~ ...

readings. Calculate the square root of ~e sums of" t~.. squares of these

re.:,]i~gs which should represent the center to center distances of the balls.

’,iaw~ the fixed socket to other positions and reclan~p it. Rezero the readout~;

~:~ ,~:~:~,:ri~.~:-:..] above, r~:::(;r:] t[i.:] X, Y, Z vai,..~es at c~ther ~o~iti~::s o~ ~:~ fre~

soc~.t and calculate the center distances. Determine ti~e range of center

distances at all positions of the fixed and free socket. If the range or

variation i~ out of tolerance, the test must be repeated as often as

necessary, averaging the worst points, to deter~line the existence of a

systematic error."

The above procedure d~)es not specify the num[~er of data points to be

taken, if the specification applies to all points in the work zone, t~e buye.r

should be free to test as many points as he wishes as long as he is on his

time or ~)aying for time at the factory. The emphasis should be on finding t~~e

worst p~ints as soon as possible. The worst points are then measured

repeatedly to eliminate or average stray data.

Single ;,lag~eL Version for CNC Machines

The following procedure is speculative sin.ce it has not yet been fully

tested:

"Clamp the fixed socket to the table. Install one oall of the ball Oar ~n

the fixed socket. Rotate the bar to be sure it is seated. Move the machine

uncJer manual control and take, say, 5 readings o~ the fixed ball using t~e

trigger probe. Calculate the center of the ball. Lift the free end of the

bar and support it witi~ the two balls and magnet at t~e top of the bar suppo~-t

post (Figure 4). Fake another set of trigger probe readin~is on the free
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ball ...."alculate t:he cf.,nt’.er oi: this ball, ti~en caIcul~.,te l;i~,.~, dis~a,,~,.." .",~, ’ -~;.-,-~

i~all c<.nters. Slide ti~e bar sup~)or~ pust ~o dif~er’en~ locaLions. ~~<e

a~Id~tional reacli~g~ and calculate cen~er ~o cen~er distances."

’ So~. x u L

,~u rotational accuracy of tile ball and socket can be tested in two ways.

Figure 9 shows a sellup on a ro~mdness measuring ~11achJ(~e. One sockec is

cla: ped to the rotating ~able and cen~;ered, The free end oi: Lile ba~ is

....... ~ .... in a no h ~ auti ro....:.;i~n fle:<,.~re consisting of a ~)i~,~r

shee~ me~al clamped to an angle plaLe. Figure I0 is a polar chart showing a 4

microinch combined rotational error of the spindle of tile machine and ~he ball

and soc<et. The machine contributes about 50% of this error.

The second method of testing is not quite as conclusive but only requires

~he availability of a sensitive indicator. Figure ll shows ~he "~,S~: ~,.I0 for

indicating the ball in its own socket. Multiple locations of the indicator

with respect to ~he socket and rotations of the ball in the socket will give a

good idea of the rotational accuracy. This method can be useful in responding

to cn~,,,~.,.nges in the fieId Extra balls glued in adaptors, are provided in

~he carrying case, Figure 12, for quick substitution Sllould a ball ~ecome

damaged .~nd fail ~he test.

El:fect .)f Ball Size Dir~~e~,’~.nc..s ~

The balls must be ide~T~ical in size and spherical, bu~ the actual size has

no effect as long as the 3 point spherical socket seats match the balls. The

error created by non-identical balls is not obvious. Jim Hamilton and l~ob
~-.A

Berg, of I.LNL, has analyzed tile effect and determined the following: (I)

there is no error for traces ~aken in the X, Y plane, (2) ~he error in the 

Z an,i Y, Z plane is 5/4 (R1 - R2). Figure 13 illus[rates the problem.

Assume_ that the free ball is smaller than the fixed ball and ~ha~ ~.~ bar is

horizontal (centerline of balls parallel to X axis). When the free socke~ 
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ti~e re~,dings are × :: 0 and Z = L -E. The difFerences in the calcu!ace..’l length

The F.M.B.B. can be checked during set up for matched I)all;~. After"

zeroing the Free soc!.’..:-:t o~, the fix.~d bd’ll, turn the ball bar er~d For" end and

noi:u l:he Z axis reading.. No ci~ange in Z means t;ha~ any ball siza error is

SI ide Squareness Sens i t i v ii’.y

We nave recently realized I:ha~’o, ~’ n..,a~spherical test patterns do ~mt provide

adeq,late sensitivity to squareness error. Figure 14 illustrate~.s r~i~e problem.

At position #I the length of the bali bar varies one for one with unv:anted

movement of the Y axis in the X direction, At position #2 the influence of Y

axis errors on X show up on the calculated ball bar length at cos 45° = ,707

~r~=l. Ator 71%. At I:his poi~Tt the Y axis has moved only 71% of its ~ ......

position ~3, where ~he Y axis has moved its full travel the influence is

zero. ~ can be argued ithat slide squareness measurements are easy to make

with readily available hardware and tha~ the machine should be pre-qualified

with regard to squareness before testing with the F.M.B.B. It is possible,

however, to enhance the squareness sensitivity of the F.M.B.B. by selecting a

bar that is equal in length to the longest traveI or the maci~ine and moving

through an angle thaB will exercise the full travel of the other axis. See

Figures 15 and 16. For example, a 26" X-axis, 16" Y-axis, 13" Z-axis machine

would use a 26" bar For testing X, Y squareness thai’, would rotate through an

angle of plus and minus @Z = sin -l (8/26) = 18° for full travel of X and

Y. The sensi~iv~y is the~l COS 180 = ,95 or 95% of the error &flat wouIId be
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reve,,l,:..,.l by a corlvention..~l s(l~a;’e. Se,~sitivit.y for Y-Z squareness is

.. 9~,.~. loss iv iL:y can ~)e regar~lec] ,:~s .,(.~,~.n,:s.~ i~ is Fhis of sensi ~

mi,~or sel:back when i~ is real izecl ~haf. no assumptions are necessary ~tbout Lhe

s.~:J.~,’ena~s of the SClUare. Figure 15 shows Lhe arrange:m~E fur ~]sting X, Y

" ’~~an~l z,, Z squareness ~.:,.~ the same .~up. The magnetic soc[¢e[s must. be moun~ecl

horizu~tally for this te~t. This procedure will be incorporated in future

t.LNL specifications.

Z-..I;< is ,~oi ~
.......................

Rotational movement of the Z axis in roll is of serious concern when

probe sEylus is offse~ from center. If roll is present, squareness of Z

travel to X a~cl Y will dep~nd on ~he stylus offfset clis~ance. A test for ~his

condition can quickly be made wi~h the M.B.B. by simply offsetting the probe

socket from cen~er and retesting squareness. The weight of the brac[cet that

is needed for ~he offset is of some concern for cantilever arm machines. This

effect: c;zn be minimized by making the two squareness ~es~s that reveal Che

roll moEion in the X-Z plane rather than the Y-Z plane, since sag of ~he

cantilever arm is in the non-sensitive direction.

Sag Error~

Sag error" for long bars is an obvious concern. Jim lla, nil~on, o[: LLNL, has

made the necessary calculations to show that the .75" dia. by .065" wall, 48"

long bar used in the LLNL design will sag .027." at the cenf.er when

horizontally supported at each end. The foreshortening due to this sag is,

however, only 35 microinches. Wha~ actually matters is the difference

length due to gravity between [he horizontal and vertical positions of the

mar. If the Z axis counter balancing system is adjustecl ~o just support ~he

free end of the bar in t~e horizonEal position it is then supporting half ~he

weight .of the bar. When the bar is moved to the ve’r~ical position, the

-’8-



am~.~u~:t. .-he length of the bar is then the sama as il: would ix~ in

grav ii:~,., The 35 microinch~s of l~ori~ont~l., sup~ort foreshortenin~], th.~q shows

up as f:.:il error. If this error is nf concern i~ can obviously be r~JucecJ by

using la"ser diameter tubing. The sag situation for the T.M.B.B. is .]ifferen~

and wili t~e discussed later,

As discussed above, the M.t~.B. off~rs tlse possibility of subjecti/~

diagnostics. Definitive diagnostics ba~ed on computer analysis of th~ huge

amounts :.f data that can be generated remains a tantilizing, but remc;:e,

possibility. Tom Charlton, of NBS, has done some research in this ar~a.

After s,~:<: initial eni:husiasm he is now convinced it is a very diffic.;lt

probler~. !t appears, however, to be an excellent theoretical researcn

project. The goal would consist of extracting the seven constitutent~ of two

axis mac:~ine error from as large a data base as desired. These constituents

are: (!.’ X displacement, {2) Y displacement, (3) X straightness, (4) 

straigi~tn~]ss, (5) X to Y squareness, (6) X angular motion and (7) Y angular

motion. ~f this goal is not possible~ a second goal would be the

determination of assumptions about the various errors that woul(l make some

definiti,.’e diagnostics possible.

MACHINE TOOLS

Backgrouq~, Advantages of the

The idea of testing machine tools with circular masters ~s not ne..~.

1958 t.LHL developed the twin disc check for testing tracer lathes (1) This

techniq~ used tv/o, idenl:ical, bu~ unknown size steel discs as n~aster~, Figure

17. Th~ discs were ground side by side on dead centers on a fixture .~n a
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cyii~,!.~ical grind.m" a~,l ;,14:re round ’,,li+.hiI~ 15 nlicroiilches. On;.: ,.li-,(: .,-..:~,.-;

as a 1;~.~mplal:e. lh~ s~c~n,:l wa’; bracket;ed to the spindle. An eieci;ror~ic

¯ imlical;or (LVIJT) sup#ur’~ed in a single axis flexure From {;he ~ool pos~. was

J:~.t~:.l t:o indica[:e ,:~ (] .z i n s L ti~e second , ’," ,,~.~ .... o.," .l~..,c A perfect, l;’racer ]at:he ,,",, TM

..... o error. The advent of rlliii]ieri :{~ conl:rol elimiinau,:d "~ ~n,-..’ ", m.i..d [:or ~I~a I:ir:s~

uisc bu~ requi",,’ ’~,..~. of tht~ ’remair~ing disc to bQ " "~no’,,~r~. Sir]g i:~ (l~sc

checks have been used rouBi~1ely aB LLNI_ for specification, acceptance tesBin:]

.~....:~,~ .... o~ ~+..]. lai:h~ For i:i,,:~ ++~s~ 1¢~ ye.zt-s. The-+ s:,t~;jl~:

pickup is simple to set tip and use but i~ limits the included angle ~h+~ can

be followed to 90°. It also has a continuously varying cosine error ~hat

mus~ be taken into account.

In 1963 a pick up w~s designed a~ [.I_NL that could be used to sweep a

3600 path. It used the rotatable stylus principle, Figure 18, The LVDT

pick Lip was supported from a precision ball bearing spindle and adjusted so

the s~ylus ball center was on the axis of ro~ation. Outrigger pa,is, ~)earing

against the disc, automatically kep~ the LVDT cart:ridge normal to ~he disc.

The system worked well atld was free of cosi.ne error, but it was slow

and never used extensively.

Advantages of the

The T.H.B.B. performs the same basic ~ask as ti~e disc check but has the

following advantages: (1) it is less expensive, (2) i~ can be used for 

larger machine tools, (3) i~ can be used for 3 axis of continuous pai:h

movement, (4) it can be used for 360o ~races, (5) there is no cosine error,

(5) i~ is easier ~o carry and less susceptible to damage, (7) i~ is 

accurate, (8) it is less likely to cause damage ~o the macazine in case of 

runaway+ (9) i~ is more applicable to robots, and (10) accuracy can 

veri ried in the field.
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Th:-’.. :;r,!n,.lle slide (Z axis) has a ~oLal travel of 9 i,’~cnes. iha X siid-a his 

trav::l of 13 inches. A ro!:ary t~’~b!:: is used Ln ~lainlc~irl the tool r!d,"n1~i to

the ..:’~rL (I.~ axis) bu~ the [] axis is ~o~, active in this tes{:. If the free

soc~c,:~i: ;.~ere centered on l:he 15-.axis a, 3-axis [.est could be r~}:.~r.le. Fi~ tool

free s,:)c!.:et so that: a 3600 trace can be made. A typical procedure is as

Fo 11 ows :

"Select the appropriate len(jth extension bars frown the kit and screw

togathat ~vith wrenches. Measure the overall ]eF~gLh across the crests of

balls ’,,men the L.V.D;T. is at zero with an OLFLsIde h~icr()ael:er. (This step 

e,.’~sier if the bar is vertical, with the flexure down, c]a~nped in a yea block

at one of the hex joi~FLs. The weight oF tile flexure ball provides n]echa~ical

b’iE~s. As the micro~neLe’r" is gradually "c]osecl" tt~e meter will move froa~

off-scale to the ]eF{ to zero.) Su.~tract the no~ainal diameter of the balls

Frown the micrometer reading. This value is a roucjh approxi~ation of the

center t~.) center distance oF the balls. (Fhe only consequence oF error 

this rle,:-~s,Jrement is that the meter ,,vit] not be zero For a perfect n~achine and

a ]o:,er ma,(jnification must be used to stay on .scale.) 1,take an N.C. tape For 

360o trace using this value as the cu~.,.~, center. Bracket the fixed socket

to Lha spindle at ce.nterline height. Bracket the free socket Lo the i~]achine

so thai: the Free socket is located aL a poinL nor~]]y occupied by the tool.

Nove the machine under manual control to the approxi~nate poinL og ~,mat ~vi]l be

the 0 degree point of the 3G()trace. Install the flexure ball in the

stationary socket. Continuing to support the extension ball by hand move, the
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!i].’:,,t.;;il!i(: marlu~tlly sr~ ;n,. PXtr’il’4itlll l)~tll will tart. ~t; i-.~11 ir~b.’.~ tile free

~,’.c-’.,~t. Roleas;~ I;he I)~:r. CoiltillLIt:.’~,cs" ¯ ~IlOVe the hld~;hi:l"-~. iJri,Lh?.r .~ afl.’.lal CEJllt¢ol

~!ri{.il the exl;elision ball is coll~,.ple{ely ill the fre,.’:: so..’.;;<el; alid Lil.." ~liel;er is

z:..r,~ed, f’iove Ltle i~i:~<..’~i~.ii;]ve axJ.s ui~der :~lariu.:tl ccm~.rol to "pe:.!(-ou’o’’

.rile[.or reading. Hove the sellsi~ive axis to rezero the ":~eter. Verify

c<~libral;ioil of thu l_.V.i).l, using tile nlaCilirle as ~i mas~er by ,;i<tkiiig small

poirit to poi!lt ,loves tinnier ~llarltial COiltrol, Retui"~l to ze.ro. Oisongacje i;he

-::,"l"~,si,::~ ~-~]1 Pi’O~l t;i:r~ ~<<’..~~ ,..;pc!<~<. " ~ ¯ "............. ~:t. ’[Jl’;~.!~.l la[;.~:~ CC’.I;;I’.’)’i illO’/’’ .1~..

the 900 posil:;ion, f~love i;he ~llachille uilcler ~llanual control as rlec;ossary so

tha~ the exl:ension ball can again he engaged in ~he..free sock:-;.,~ and tile mel;er

se~ to zero. Disengage the exl:en.sion hall, move the machine to 180° under

tape control. Re-engage ti~e extension ball in the free .sockel:. The meter

should be. within .001" of ilull depending on the accuracy of the out.side

r~licroiflel;er measurement of lerlcj, th and l;he accuracy oP the macilii~,e. Manually

move tile machine to reduce the error by one half. l)i.sengage the exten.sion

hall, move] the machine under tape control to 2700, ro-e~lgage th. .-~ exken.sion

oa.ll, me’/: -~ mailually to re.cluce l;he lllete.r readillg b,y one half. Adjust tile me~.er

zero cor;trol .so the clei:lection Prom zero is lllirli,~lized. File sel::up is now

complete, Pt~e machine is ,~ioved uilder I:ape through 3.600 while data i.s being

recorded eifoiler by haricl, digitally, linear recorder, or polar recorder. /~il

adjtlsi~able speed, time based, polar recorcler i.s useful. It mu~; be adjusted

to real;oh l;he rotation of the T.M.B.B. Careful selection of the N.C. feeclral;e

to match the known circumference of the trace and available speeds of l;he

recoreler will minimize tills problem, If tile data is ta!<en hy hand or linear

recotcler i~. must be replottecl in polar form. Using a compa.ss, draw a minimum

diameter circum.scribed circle around the error plot in the same way tha~. is

normally clone for roundnes.s charts. The iliaxiinum ¢levia~ion froni l;he minimum

diameter circumscribed circle is ttie ilumerical valc:e of tile 360°

to~t . II
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Ifhe’ p~rpose oIF the p(~l.~,r l)lot and ;l.]ni-roun:l(~ess criI;er’ia is to ~inimize

Ci~::,: c(msu~i,~g :necn~nical cen~oring, f~e user ~ay deci(le it is faster ~..:

~nechanic~lly cen~c~r in order to use line::~r recorder clara direcbly,

"non.-ro~nd,,ess criteria’: l~as the ~dvanta~ie of bein~l well u~,c~ersuoo,.l and

u~}an~bigt~ous as a s{:andard. Polar dic;play of error can aIso be o~ help in

: :’ ..u ..... ~]1 ~gnc}sti cs.,~LI~.,j r~" .... iv,~ "

The maci;ine ~s relaL~w~ly safe from ciamage ~n a runaway s~

[~?li’:., S(~ b..~i.., ...... ~., "I;ICC~ i~1~ [)~:] S ’,’li ~ ] ~![lu,,.,I.~,, ICn~ ~),’’-r’" ;." ’. ~JO~.) O~:~ O~" (~:~:,~’" ~,E~CKC~S,’ -i~:~

I.M.[~.B. is considered expendable by comparison to the m~chitie.

N.C, ~,i~11~n~ >lachines, 3--Ax~s Tests

F igure 3 shows Uhe T.M.B.B. setup on a Sunclscra~ld 5-ax~s m~lli;1g macJ~(ne.

Only three ax~s are being used, bu~ the ~es~ c~n be made on all riw~ axis ~f

ciesired. A 17’~ bar ~s shown. Tl~e user has a ct~o~ce of progran~m~ng ~ three

~x~s hemispherical spiral or separate X-Y, X-Z, Y-Z, tr~ces. The opera~ing

p~ocedH~(~ iS ~he saFile as For ~wo ~x~s exc~p~ ~h,~ the Z se~tlp valtl~ ~s zero.

The flez~.~re ball should alw~ys be the free ball to m~nim~ze cl~fferent~al sag,

Sag error for ~he T.M.B.B. ~s different ~han for the F.N.~.I.B. and is d~scussed

~n a I:oiic~’,.~ng section. Wreck susceptibility ~s worse for &he ~hree ~x~s

situaL~on unless one of the magnetic sockets ~s ~selF held w~i~ another

magnet perpendicular to ~s base. (No~ shown ~n ~he ~11ustrat~on.) B~11 and

sockel: ro~a~onal ~ccur~cy and me,heels oF test. ar~ ~he same as ~he F.~’,i.B.~.

except ~t~a~ for the roundness measuring machine ~est the Free ball ~s

anti the fl~:¢ure L.V.D.T. re~ds ~he error. Squareness sensitivity

cons~clerat~ons are ~he s~me as the F.M.B.B.

-13-



}-"iy~n’es 20, 2I ?? ~; "’ ~"....... ~,),.~., a tesi: for differeutial sag. The socl¢ets ae,’e

glued to ~-’. 2 inch sq~a.~’e steel ~)ar" in ti~::, horizontal i).~siLion a.od I.i~e. mel;er

zeroe..l, Fiqure, 20. The bar v~a,s th..’,:u rotated to ti~c: ’:e;’l;ical posi"i..’.~n~ ~- ~’-i!lure

21). File meter showed less titan one microinch for a If" b~rl This remarkable

¯ resuit is the conseq~e~ce of a number of ei:fects all (:ancelli~~g eacil otl~c:r.

in the horizontal position, the baY- sags and pulls the L.V.I].T. coil a~.~ay from

the core (qinus ma~:e;" r,.;,:.flin,,]). The fI~;y,.,ir:;

move i;he coiI toward the core (plus meter readin(,l ). Ti~ese effects are of

opposite sign but not equal magnitude. The bar sag ~;ffect prevails (minus

meter). When the system is vertical and the flexure is on top, the weight of

the flexure adapter, llalf t;he weight of the ¯flexure, and the bar itself

com~)ress the bar (in reality a 3/4" O.D. by .065" w.~ll ¯tube) and tend to move

ti~e coiI away from the core which is supported by the upper ball (minus

meter). The combined effect is zero.

When the sysl;em is rotated I;o i~lle verI.ical with the flexure on the bol~tom

of the stock, Figi~re 22, the meter reads 12 microinches plus. This is due to

tension in the bar which is supporting its own v:eight plus the flexure adapter

and half the weight of tile flexure. Elongation makes the coil more toward the

core wi~icil is suppor[,ed by the lower ball and socI<et. This gives a plus meter

reading. Cancellation requires the same sign and same. magnitude error. It is

app~rent ¯from this discussion thai; the flexure ball should be tile free ball

for sweeps in the vertical plane. The flexure adapater should be on tile

hot;tom wi’~en tile T.M.B.B. is horizontal (Figure 20). Bending of the flexure

when l~)aded with the 17 inch bar is 6 microinciles. Sag of the bar is 12

microinches. Compression and tension is 6. These can add up to 2,1

microinches in tile worst combination.

-14-



Aqre~:.,!eni: u.l: T.i.l.[~,.[B. wil:i~ I:h~~. iJisc (:beck

The d.~ta from a T.,.,."" I~;.1~. ch::c.K s,,o,.,Id, in ;,),-ir,cir)ie. . , be exactly th,.’ sah~.::

a’:; fi’om a d i sc ’’~ ,,- " ¯ ........ , ...... ~.<. It is i[;1poi"ta~ . Lo (!,".mor~sg, a~. ~his agreer~lefil:

expe.rimentally so ti~a~: peopl{-, who are ~"amiliar wi~i~ (list ..nec;<s will nave

corl.ridence in the "new" me~hod. A problem arises in demonsLratin!l tiFis

a{.’,,~’, ..... ~:. ’~ "~ B is i~ormally used for a(}u traces ~.o e,llow ~:he

"non--ro!~ndness of the polar profile" criteria to ,:,.pply. The disc check can

~)iliy h..)~i:~¢I~: for o i. r,:~c~.~s if a sin gle axi s ~ic :~up is usud. ,he soiuLiu~,

to this p~’oblem is to establish an ~d)solute length i~or ~he T.M.BoB. and make 

900 trace. A calibrated length ball bar is the s.e.:ae as ~i calibrated radius

disc. A 90° disc check is normally made by adjusting the error a~ ~he 0°

and 90° points to zero. The same approach is used for thee l.i.l.B.[~. The

ffesults of Lhe two tests should be ti~e same if the two systems are perfect.

Ti~e condiEions for a perfect 900 F.PI.B.B. system are: (I) tile balls are

perfec~i.y spherical, (2) the L.V.D.I. is properly calibrated, (3) the cen&er

to cenLer distance of the balls at null matches the N.C. tape, and (4) the

plane swept by the halIs is parallel to the X, Y travel of the machine to

avoid cosine error.

The conditions ~or a perfect 900 disc check are: (1) the disc 

perfectly round, (2) the stylus used for ~he pick up is perfectly round, (3)

the radius oF ~he disc plus the radius of the .s~ylus nlatche~s the N.C. tape,

(4) ~he single axis flex~re L.V.D.T. pick up has no side deflection, (5) 

L.V.D.T. is properly calibrated, (6) cosine error on the daLa is properly

handled, and (7) the disc is parallel to the X, Y travel of the machine.

A comparison of the two me~hods has recently been made at L.L.N.L. and ~.i~e

agreement is wi~iYin the errors expecl:ed from the above sources.



An:athe~ applici.~tion for 90° l.’.;..’2,.i]. trar.~s is ["or small m~.~c~,i~~..~

do ~.~; ~aw~ the 8" travel necess~ry ~or 360o trace.~ using h~,e 4"

radius T.M.B.B. Fig~re 23 shows a se[:up for a 180° trace on an ;i.C. turre£

la~;~e having only 4" oF t,.,ol slide trL~,ul.

The. ~roblem of adjusting the [.:,I.~.[~. to a known radius within a

mic~’oi~ches is not trivial. Figures 2;%, 25, 26 illustrate one tec,~nique for

setting +~"~.~. ball centers ~o, say, a. inches. It assumes hhat the ~aso]ute

meaz’.~:"e~,~e~, of ball sizu:~ ~.o s ,:ew.,icroinci~es is a ciii~icuiL ~ec:’~iogy

problem, particularly in the field. A five inch gage block with extensiun

blocks is modified witi~ vee blocks giued in place so ~ha~. ~be center ~f the

vee blocks are parallel to ~he gage block in bo~h planes. The F.~,~.B.B. can be

placed in the vee blocks and adjus~ecl so the clistance across ~he crests o~ the

balls i’~ 5 inches at null. We really want the cen~er to center distance to be

4 inches. By gluing vee blocks an~i a tri-hedral socke~ in the cen~er of a 9

inch g~3e block we can m~d<e two, 130° rotation checks with the

reversed bel;ween checl<s, lhe 3 d~ta poin~s from l;hese checks provicle enough

informalion to determine the radius of each ball and their cen~er distances.

Absolute calibration of center clistances is a huisance and can be avoided

with 360° traces, but il; offers so~e advantages and remains all option in the

T.M.~.B. evolutionary process.

Status of Outside Evalua~ion

The American National S~andards Institute (ANSI) Committee B 89.1.12 

Coordinate Measuring Machines has been s~udying the possibilities of the

F.M.B.~. as a means of specifying accuracy and performing acceptance tests.

Bill Gehner, of the John Deere Co., Ben Taylor of the Bendix Corp., and Tom

CharIl[son a~d Bob Iilocken of the National Bureau oF SLandards ll~[Ve been



~~,~’,n(:~ion wit:h sin(ji.,: axis d iso’lacement -, , ., ...... 

~n-~e dimensional l.)all pla~es will also be recognized in the i:~Lerim standard

..... u~.:ing som:-;vshat cautIOLIS aho:~z i~alI plates

oec.,JsL of their wei~lht, calibration expense and potential for d~mag,:.. Dr II.

:,~, ....,!a,, Chief oF Dimensi.,)na! i.letroIogy at the Physikalish-T:,>::imische

Bu.~desanstait (P.T.B.) in !Vest Germany has taken an interes~, i~, the F.i’,I,B.B.

-~,;~ is planning an evaluation program. The Me~rology Group ,Df The

international Institute for Production Engineering Research (C.I.R,P.) is also

planning a cooperative research efI:ort on ~he subject.

Bob Hocken and Tom Charlton of N.B.S. are ~h,, only outsi.,_ pe, ople that

i~a..~e evaluated the T.M.B.B, Their comments have been favorable.

Patent S t~,us

The F.M.B.B. was ̄ First demonstrated publicly to ANSI Commit~cee B 89.1.12

on June ?.4, 1980. The Department of Ener,qy did not apply for a pat.ent within

a year From that date .so it is no longer i)a~entable.

The T.M.B.B. was first demonstra~.ed publicly (ANSI B 89.1.-12) on March

3i, 1981. The United Sta~es GovernmenE has rights in this invention pursuarr~

to Contract No. W-7405--ENG-48 between the United S~ates Department of Energy

and the University of California for the perfdrmance of research and

dewelopment work at the Lawrence Livermore National Lal)ora~ory. A patent

application concerning this invention is bein9 prepared for filing in the U.S.

Pa&ent and Trademark OFfice. When and if the patent issues, the invention

will be available for licensing in accordance with usual U.S. Government

policy. There is no limitation on the use of the T.M.B.B. prior to the issue

oF the pa~ent.
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